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AN ANALYTICAL STUDY OF DATA ON AKMOR PENETRATION BY
TANK-FIRED, KINETIC ENERGY PROJECTILES

by

J. C. Beli and L. E. Hulbert

SUMMARY

*

This report describes a survey of Aberdeen Proving Greund cata on penetration of
homogeneous armor by kinetic energy projectiles, The projectiles were of the types
that have been or might tie fired from tanks, with calibers ranging from 37 mm to
155 mm. The data were collected for individual rounds and pertinent information for
each round was punched on IBM cards, one card to a round, The data processing
be gan only when all similar rounds fired at similar targets had been assembled., Inso-
far as possible, ballistic limits for each projectile-target situation were computed by
carefully designed statistical procedures (programmed for the IBM Type 650 Magnetic
Drum Data Processing Machine) with which measures of the precision of vach lunit
could be stated. Through 4 careful and continuous study of the data, several observa-
tions were made concerning factors which affect the dependability of results from pene-
tration tests. Finally, the results of the survey, basced on over 20,000 rounds of over
50 kinds of projectiles, are¢ compiled into a large table., This table shuuld furnish o«
convenient reference for penctration data, and should serve as a step toward further
currevlation and condensation of the data,

»
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BACKGROUND

The convent.onal means tor defeating tank armor has long been projectiles which
penetrate the armor by virtue of their kinetic energy at the instant of impact. Many
studies, mostly empirical but some theoretical, have been made to find how fast 2 given
projectile must be traveling in order to penetrate a given piece of armor. The theoreti-
cal work is difficult, so simplificaticns must be introduced, and these generally prevent
the results irom having broad applicability, On the other hand, experiments with regu-
lar projectiles are expensive, so many e:arly experiments were conducted with rela-
tively limited test conditions,

One way to get fairly broad empirical results economically is to restrict attention
to small caliber projectiles, A widely quoted formula from the National Physical
Laboratory* was based on experiments with projectiles from 0,296 in. to 1.565 in, in
diameter against plates 5 to 80 mm thick, having Brinell hardness 250 to 450 kg/mm?,
Later work permitted the formula to be amended to include the influence of obliquity of
thie line of fire with respcct to the target, As the formula was proposed it predicted
velocities required for intact projectiles to achieve penetrations complete in the Navy
sense, that is, with at least half the weight of the projectile passing completely through
the plate, In order to broader. the usefulness of the formula, means were developed in
Project Thor** for adapting the formula to broken projectiles, and for predicting penc-
trations complete in the Army sense, that is, where light shows through the hole when
the projectile is removed. Still this work referred to small projectiles, ranging in
diameter from 0,30 in. to 37 mm, and most of the target plates hid thicknesses of an
inch or less, Data for the Project Thor correlation were drawn largely from a single
Aberdeen Proving Ground Report®***,

The NPL iormula, as quoted in the Project Thor Report, is:

mVi e 3= 11,300 54,000 \"
2| 43, 4/B - sec — +929 - - .
a3 d 2 ¢5- - B,-B

where
VL = ballistic limit 1n ft/sec

d = diameter of the projectile core in inches

Sapwith, 1% ., The Optimum Hardnes of Momogencom Atingr far Resigsncc 1o Perfovation &1 St al stk B Proge e
~imflerent Miies , Fowrth Progiess Report an Effect of «cale sn \rmar Penetratom, 1. P, P, « condinating ~ b v ioulter
Famer 8, N, P, (o Fagineeniag Division, Batisg, (September 1 308, Conldentaal. « I, Moliomat Igfene Rew srch « eue
Mtee , Hiects ol Linpact and Explonon ™, Summacy Techmmcal Pepart of (Anmen [, N, Do &, 1, Yol 11086y, g i°
onfidential,

Wohne Hophom mversity, A ‘aggerd Tedmawe kv Pedicting e Pecformance of APt Preveng Prapeit ics 1. W
folled Horrogenecm A ™, Pragect THer Techmcal Seport No, 14~ rpternber 1358, + bt al,

Winerd en Prowing -romnd, Moot of Hord e, (Biamty, and Plate TRRchnew o e Bain e ™aprrties of Aciied
Homoger ~ow Avner mien tuljected to Alack by Vanow Projectiles , AD 1110 tahy " 344, Semricted,
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3
B = Brinell Hardness Number in kg/mm¢ units
e = thickness of the armor in inches
B, = 500 - 160 log, o (S
o= Blo (3
d' = 1.565 in., the diameter of the British 2-pounder shot
& = angle of attack, measured in degrees off the normal.

The corrections to this formula devised ‘or Project Thor are shown graphically in the
same report,

Although the studies mentioned were iimited to small caliber projectiles, there
are many data referring to full-scale tests with the kinds of projectiles used by tanks,
that is, from 37 to 120 mm, and some even larger. The Aberdeen Proving Ground has
conducted many experimental programs with such projectiles for various (though often
limited) motives. Thus, a moderate amount of firing was done in testing early designs
of new projectiles, One substantial program (Project AX 23) tested various steels for
a single projectile, the 90 mm AP, T33E7. A long series of related tests (Project
2864) was designed to show the effect of hardness of the plate in withstanding the shot,
and since plate obliquity was known to be important, variations were introduced in that
too. Fairly recently, a large, more fully organized program (Projects TB4-150M and
TB4-10A) was performed for testing the effects of plate hardness, obliquity, and type
(whether cast or rolled*), using more modern projectiles. In addition, many other ex-
periments were performed for a variety of special reasons.

Since the voluminous results of these full-scale tests were quite scattered, the
Ballistic Research Laboratories undertook to assemble the results into a more concise
form. Two reports were published on this subject. The first** was simply a collec-
tion of baliistic limits as reported in the many firing records. The second report*»#*
provided an ¢mpirical correlation of these limits. The number of ballistic limits con-
sidered in the correlation process was 2364, with 1475 for rolled and 889 for cast
armor. The projectiles included 11 varieties of AP shot, 9 of APC, and 11 of HVAP.
There were, of course, many obhquit.s and plate thicknesses, chosen to make <uitable
targets for the projectiles heing rested., The results consisted first uf a series of
grapha showing how the m=as' red ballistic limits varicd with the t;d ratio {armor
th.ckness/core diameter) for given projectiles, obliquity, and armor type. Second.

a set of predictive curves was fitted in the form:

‘iﬁpm n thas pt ;:Tnpul ale f wroght atmor,  Afrer some study of The atter it was Jev 'ded 1o trcal ¢ lled and
WEought  Atnvt a8 deinyg ementiall; the same it the Plesent survey,

M lian, B Ay, AR AmemBMy of Dava Conceming the Penettation | lied, Wrought and Cast Anivot Plate By K aels Energ)
crjecides Toalven 17 run Theough i35 mafL'y, Ballistic Neseato n Laborat ties Te bnacal Note No, ¢ 4 (May v,
corhdent.a,

o B Ay, An £ al Ananms f she Perf tat: o 10 Hed and ( as7 Hrn wene s At M s gty oy Shaed
Kactn Foergny Pomectiies of o0 0o 37 v 190G 10D P AUV BML# . Seoesch LaMegatonet bie s and e L YA BRAM I LI
(e i 37 . oalidencial,
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Ballistic Limit = Kg{t/d)®,

where n = 0.85 for AP projectiles, 0.78 for APC, and 0.65 for HVAP; and K, was tabu-~
lated for each combination of armor type (rolled or cast), projectile type (AP, APC, or
HVAP) and obliquity. Generally speaking, the correlations were fairly good, but some
substantial discrepancies between predicted and measured values remained.

Brief inspection of the ballistic limits tabulated in the BRL collection shows the
difficulty of choosing a representative ballistic limit for any test condition, because the
tabulated limits for many conditions scatter badly. This is not surprising since the
bulk of the limits were found as average velocities of only one complete and one partial
penetration, even though more extensive tests usually produce i:oth complete and par-
tial penetrations over a wide range of velocities, The question arises whether there
might not be some advantage in combining the penetration data from all similar tests in
order to compute an over-all ballistic limit. The resulting limit should be less equivo-
cal, and it may be possible to get confidence limits for it, It should be remembered
that this over -all limit can be based on results from many more rounds than contributed
to the limits in the BRL collection, since the rounds discarded in getting individual
limits can be retained in getting the over -all limit. In addition, results from other
kinds of tests, such as shot or plate acceptance, may be considered for use, even
though they were never part of a ballistic limit test,

It is the plan of collecting round -by-round results, instead of individual ballistic
limits, that forms the basis for the prcsent work. Itis recognized, of course, that
confusion may result from mechanically combining data from many divergent sources,
possibly having systematic discrepancies. However, any such confusion would seem
to be a legitimate part of the results, provided all the data are equally relevant,
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ASSEMBLING THE DATA

Search for Data

It was known that firing records showing individual rounds were available at sev-
eral military libraries, but the most promising »lace t¢ find records for tank-fired
projectiles was the Technical Information Branch at the Aberdeen Proving Ground. A
total of about 6 man-weeks were spent searching the firing records stored there, se-
lecting those which seemed to contain relevant tests. After the pertinent records were
found, the TIB prepared duplicates and sent them to Battelle Memorial Institute, This
large work of reproduction (totalling abcut 14,000 sheets) proved to be of great assist-
ance later in sorting and editing the data. The volume of records found at the TIB
seemed to be about as many as could be handled in the present program, so little fur-
ther searching was done except through the Armed Services Technical Information
Agency at Dayton, Ohio, where a few more records were found,

During the search, certain limitations were placed on the kinds of records to be
considered. First, they needed to refer to kinetic-energy projectiles, as opposec to
HE AT or HEP or other explosive shots designed for the penetration of armor. This
retained only the AP, APC, HVAP, and discarding sabot varieties of shot, The caliber
of the weapon was required to be between 37 mm and 155 mm. The plate neeced to be
homogeneous, so face hardened, spaced, and siliceous cored armors were omitted,
Finally, no armor was accepted unless at least 1 inch thick.

Selection of Data to be Tabulated

The medium to be used for assembling the data ultimately was to be IBM punched
ca rds which could store 80 numerical or alphabetic characters. It seemed most de-
sirable that each test round should be represented by its individual punch#d card, and
that all working information about the round should be on that card. Since firing rec-
ords come in a great variety of formats, containing various spectra of information,

considerable planning was required to decide vvhat data should be recorded on the cards,

In order to know the origin of each shot card, some notation of reference was
ne eded, Since the basic record is the Firing Record, its number was recorded to-
ge ther with the page and round number of the shot, (The AD or other project seports
alrmost always show the raw data by appending several Firing Records.) In order to
show associations of the test, a record was made of the AD report number (if any), or
else of the library book number (if any). These reference data made it posaible to
check or amend the data by returning to the original firing records. They also helped
reveal accidental duplication of records. (Many firing records occurred in two or
more places in the library.) In addition, a coded notation was added 10 show the kind
of test involved, whether acceptance or experimental, whether testing shot or plate.
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The firing records may list many bits of information about the armor piate, such
as nominal thickness, actual thickness, type (rolied, cast, wrought), physical proper-
ties including surface or cross-sectional hardness, impact tests, chemical composi-
tion, heat treatments, manufacturer, heat number, and so forth. Out of all these
attributes it was decided that only the plate type, average Brinell hardness of the sur-
face, and nominal thickness were indispensible, The actual thickness was tc be re-
corded and used in the analysis if it were available, but the nominal thickness could be
substituted for it, The Charpy or Izod impact test result also was to be recorded as
an alternative or supplement to the hardness in case some need or means were found
for so using.it. Chemical composition and heat treatment were thought to be so com-
plicated of description and so intertwined in their significance that it was unprofitable
to include them directly. Along with other data, they could be had by returning to the
original records via the reference punches, if this were ever needed.

Description of the shot in most firing records is implied in the model number.
Therefore it was decided to describe the shot by assigning each model a three-digit
code number. The codes were assigned fairly systematically, so that a person con-
ver sant with the system could recognize the shots fairly readily. In records about ex-
perimental shots, where many minor variations of shot might be made without changing
the model number, double punching with 'x'" or "y' was added to distinguish between
separate varieties, This system allowed these shot varieties to be distinguished or
merged, depending on how the computing machines are wired*. In addition, since a
fair number of records list hardness measurements of the shot, the Rockwell C hard-
ness at the nose was listed as a bit of stand-by information. No other data about the
shot were available broadly throughout the firing records,

Certain test conditions, too, were indispensable for any analysis, namely the
obliquity and the striking velocity, Striking velocities almost always are reported to
the nearest foot per second, so they were taken in that form for the present analysis.

It was intended to adjust those velocities by an appropriate factor (the square root of
the ratio of nominal and actual plate thicknesses) in order to compensate for irregulari-
ties in the plate thickness. In this way, the tests could be divided efficiently into only

a few plate-thickness groups. The obliquities, too, needed to be divided into a few
groups, but this was accomplished merely by rounding the obliquity to the nearest mul-
tiple of 5 degrees. In most of the firing records, the obliquities were already rounded
in this form. It might have been better to recerd mose precise obliquities, when
available, on the punched cards, planning to compensate for obliquity roundoff by per-
forming a velocity adjustment, but this was not done, at least partly because of scarcity
of precedent. One other test condition which is reported in connection with climatic
tests is the temperature. This was eliminated in the present study by omitting the cold
weather tests.

Atother test specification commonly recorded is the weapon used in firing the
shot, Since the rifling of the weapon has been a matter of occasional interest in plate
penetration, presumably because of the effect of yaw, it was decided to keep a record
of the weapon. To this end, each model of weapon was assigned a two-digit code, Hut
preference was given to the tube model number in case that differed from the weapon
model number.

*For example, the AP 90 mm M77 was astigned Code S1i, Tne Code 511 meant the same Mot without 2 windshicl. . The
computing machines tecognize the latrer code as 5 1f of 511, depending on i\« wliing,
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Editirmwthe Test Results

The result of a given test is, of course, a vital part of the test record., For pen-
etration tests, the result is usually described by saying whether the penetration is
partial or complete, but several definitions of completeness have been used, This am-
biguity is most unfortunate when a synthesis of data is being attempted, such as in the
present project.

In order of severity, the criteria commonly used for completeness of penetration
are (a) the Navy criterion which demands that at least half the weight of the projectile
shall pass through the plate; (b) the protective criterion which requires that some
fragment shall perforate a weak screen placed a short distance behind the target plate
(the screen material and thickness seem to vary somewhat); (c) the Army criterion
which requires only that light shall show through the hole in the plate when the shot is
removed.

The firing records for penetration tests show evaluations of completeness by at
least one of these criteria, but no one criterion is common to all the records. Firing
records often rate a few rounds for completeness by two or more criteria directly or
implicitly, but it is more common to use just one criterion chosen according to the
purpose of the test, The firing records alio usually describe several results on the
plate, such as extent of bulge, cracking, spalling, and hole size, but the emphasis and
thoroughness of description varied widely with the observer. From all these bits of
information, it was necessary in the present work to construct a uniform penetration
rating for each test round.

The Army criterion seemed to be most commonly used in the better firing rec-
ords assembled for this study. Moreover, it appeared that the Army criterion could be
applied most satisfactorily when ratings needed to be inferred from the other descrip-
tive material. Therefore, it was decided to try to rate every round for completeness of
penetration by the Army criterion. Ratings by the other criteria were to be recorded
when they were shown explicitly or evidently intended to be implied by the author of the
firing record,

On the basis of experience in reading the records, some rules were developed for
deducing an Army penetration rating. Except when there was clearly some unusual
spalling, CP(P)* was taken to imply CP(A). If the only rating shown was PP(N) or
PP(P), then the question was referred to the desciiptive matter., Any measurable hole
on the rear implied CP(A). Also, when there was mention of a large bulge un the plate
with punching started or with a substantial crack (longer than the plate thickness), this
was taken to imply CP(A), unless it appeared that the author was unduly lavish in his
descriptions. On the other hand, the rating was set at PP(A) if a cracked bulge was
only medium or small, or if the crack was very short. This method of assigning Army
ratings by noting bulges and cracks w18 checked often when Army rat.ngs were given in
the firing records, and the method appcared modcet ately dependable, Occasionally,
when protective ratings were given alone without any other descriptive matter, they
were assumed to coincide with Army ratines, bu! fr rtunately this expedient was not
_needed often, Rarely, in view of persistent doubt about it, no rating was assigned.
*That 1, 1 cumplete penetratin CP by the protective critenon (P),
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One other relevant test result appeared to be the rupture of the projectile. For
example, several test programs have distinguished between ballistic limits for shat-
tered as opposed to unshattered projectiles, and the Project Thor analysis distinguished
between broken and intact projectiles. Therefore, in the present project, a brief rec-
ord of projectile rupture was included for each test. Five claszes were recognized:
intact, broken but not shattered, nose shattered, other shatter, and no comment. The
firing record descriptions varied, so the classification was sometimes difficult, buy
plausible guesses could be made.

In order to prepare the data for keypunching onto cards, workshcets were pre-
pared on which an editor could assemble whatever information he could gather from any
firing record. The worksheets were arranged in the order that was to be used on the
punched cards, Vertical columns were allowed for the following kinds of information:

Class of Information Card Columns

Reference Data

Library Number

Book Number or AD Number 1-8
Page Number in Library Book 9-12
Kind of Test (Plate Experiment, etc.) 13

Firing Record

Record Number 14-23
Page Number 24,25
Round Number 26,27

Active Identification

Shot (code for caliber, type, model) 31-33
Test Obliquity 34,35
Plate Type 36

Nominal Plate Thickness (to 0.C) in,) 37-40

PATYTERELLE MEMORIAL INSYITUVL TR
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Class of Information Card Columns

Active Data

Actual Piate Thickness (to 0,01 in.) 41-44

FPlate Hardness, Brinell 52-54

Striking Velocity 62-65

Penetration Rating (Navy, Protective, + or - in 68,

or Army) 69, or 70

Occasional Reference Data

Projectile Rupture Code 71

Weapon Code 72,73

Plate Impact, Charpy or Izod 74,75

Shot Hardness, Rockwell C, on Nose 76-78

The worksheets served not only as a place to store data but also as a reminder of
the data that were being sought. This latter function was really important since the in-
formation was often scattered throughout a report, and at times had to be se._rched out
of more than one report. Since several people did the work of editing, and they could
not afford individual decisions on the problems which kept arising, the problems too
were jotted onto the worksheets until they could be settled.

Considerable pains were taken to get all the really necessary information about as
many valid test rounds as possible. Information regarded as necessary was that listed
under Active Identification and Active Data. If entries under those headings could not be
completed, the test was rejected, except for a few that were admitted without the
Brinell rating. Another reason often used for rejecting a test was that it was really not
a penetration test. This objection applied to most projectile-through-plate tests, and
te sts involving proof projectiles. Still other tests were rejected because they were iso-~
lated tests with poorly rated experimental projectiles,

When the firing records reported ballistic limits computed on the rounds re-
ported therein, those limits too were jotted on the margin of the worksheets,

While the editing was performed by several people, .t was checked in the end by
one person who attempted to insure uniformity as well as accuracy of the work. Then
the worksheets were sent to keypunch operators who punched the data on cards and then
ve rified the punching. In this way, reasonable accuracy seems to have been achieved
in the punched data, despite its scattered origins. Some mistakes were found sub-
sequently in the punched data, but they have beern relatively few,
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The precise number of reports edited does not mean much, because the number
of rounds per report varied from 2 for many acceptance tests up to about 640 for one
armor report (AD 679). Nevertheless, it may give some idea of the editing task to
state that the following approximate number of records were edited:

Kind of Record Approximate Number
AD Reports 45
Project Reports 10

Firing Records of Substantial Experiments

With Arrmor 80
With Projectiles 80
Shot Acceptance Tests 1850
Plate Acceptance Tests _150
Total ~ 2800

Classes of Data Found

The purpose of this project was to combine the data from the many reports that
were edited, and to examine them for pattern and consistency. To gage this under-
taking, it is helpful to know how many kinds of tests were found reported in the refer-
ence records, A résumé€ of the kinds of tests is given in Table 1, It can be seen there
that about 50 principal models of shot were encountered, but that if one counts all the
variations of these shot, there were over three times that many kinds of shot, (The
precise number of distinct shot varieties is hard to know, because some minor varia-
tions were merged in the editing process, and other variations probably were not men-
tioned explicitly in the firing records.) When one counts how many tests were made
with each of these shot varieties, separating the tests into groups according to armor
type (rolled or cast), plate thickness (rounded to one of the standard values), and
nbliquity (rounded to a multiple of 5 degrees). he finds that over 1000 different kinds of
tests were reported. *

The great diversity of tests can be reduced by observing that not all varieties of
shot need to be analyzed separately. Thus, it appears reasonable to merge resuits
from firings of the same shot wih and without windshield, since it has been observed
often that the windshield does not much affect the shot's ability for plate penetration at
a given striking velocity, Again, shot designers have decided often that there was little

Umborrmately, 2 +~ail pat - the matenial gathered fx this pr. we Y pemained anedived 1o the end, The reas w kot Thee Tailee
wac muaily hat the tests descried scatiered “c g wih sl kde ol thet, A Boef jntng . f e wnedited reprrm 5 i inded
an the Appendie, ai g with the o adensed (st { marenial thar war edited
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difference between one or more closely related shot varieties, and usually there are
too few data altogether to dispute that viewpoint. Since large groups of data are to be
preferred for the present analysis, several of these closely related shots were lumped
together when they were employed ir. otherwise equivalent tests, Whenever a serious
analysis of any particular test was planned, then considerable care was exercised to
keep the lumped shots as compatitle as possible. However, in some cases (notably the
HVAP, 76 mm 'specials') where no close analysis seemed feasible, even dissimilar
shots were lumped together in order to provide a brief résumé& of the data. These
processes of lumping shots account for the fact that the number of analyses shown in
Table 1 is substantially less than the number of kinds of tests,

Broadly speaking, each of the various kinds of tests was subjected to one of three
kinds of analysis, chosen according to the quantity and quality of the data. Each of
these arnalyses was intended to estimate the striking velocity at which half of the rounds
could be expected to penetrate completely, Groups with enough tests (perhaps 25
rounds or more), fairly well distributed with respect to plate hardness, were treated
with a probit analysis, specially planned to account for variations with plate hardness.
Good smaller groups, especially ones involving small ranges of plate hardness, were
treated with an ordinary probit analysis. Groups with only a few tests (less than about
12), or with very irregular patterns, were treated with simple analyses of familiar
form, such as taking average velocities of a few partial and complete penetrations. A
breakdown of the kinds of analyses applied to the variou:. cases is shown in Table 1,
Details regarding method are given in the next section,

Table 1 also shows how many rounds of eaclk main variety of shot were accepted
for analysis. Numerous others were not accept:d for analysis in the end, usually be-
cause they were from shot acceptance tests where the rounds were fired deliberately at
velocities considerably above the ballistic limit.
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TABLE 1,

SUMMARY OF CASLS EDITED FOR EACH SHOT

e

Number of Tests Number of Analyses

Projectile Shot Test Rounds  Rouads “Probits Simple
lase , IR 1 Kinde Kinds Used Omitted w/B w/o Analysis Total No,
AP 37 MT4 1 26 2249 1024 s [ ] 13 26
M80 1 1 (4] ” 0
57/40 Taper(s) 1 10 67 1n 11
s7 M7T0 2 [} ) 2183 3928 14 14 12 40
7 M2 2 32 1594 2761 5 3 22 30
T4 2 4 16 2 P4
T148 9 32 134 12 12
T149 3 12 92 12 12
76 M7 1 22 283 937 4 4 14 22
TI128E6
(M339) 1 27 261 4 23 27
T166 7 22 70 22 22
90 MT7 2 33 676 578 - ¢ 20 3
Ty 7 32 968 26 12 12 z4
TIET 14 53 T34 k4 ¢ 49 s3
T43 1 2 23 2 ?
TS4L] 1 n 617 3 15 14 b B
108 Ti82 4 7 58 2 2
120 Ti1é 4 46 412 h ) 43 4%
188 M112 1 14 222 234 1 1 10 12
6 in, Mk XXV 1 3 11 38 2 2
APC » MS1 1 40 1792 26 18 7 18 40
37 M6 2 (1] 1803 16 9 26 s]
7% Mé 1 17 T2 1409 1 14 19
Tél 1 P4 ¢ 2 2
76 Mé2 1 43 1012 23% 11 10 1 42
L M2 1 59 1240 [ ] 7 3% $]
T2 )} 1 7 | 1
T26 1 1 ] 1 1
T?? 1 1 ] 1 1
T20 1 )} 7 1 1
T 13 n 310 1 3 3 9
90 2 16 101 i 1 2
TSOEL 2 37 6lé 3 i1 23 »
108 T 3 [ ] 20 4 [}
il 1 4 kj ] 2 P 4
120 T4 [ ] 3 170 4 20 F 2
HVAP k4] ™ 1 L} 18 4 4
76 M3 1 L ] 19 1 2 4 7
T4 4 10 200 1 17 18
Special 18 . m ¢ 1
129 s T 3 7 k4
T6AL) 1 ) | i3 7% - P ]
M D8 ] 19 162 b 13 s
L _J M4 2 b} ] 763 »i: P 12 21 »
MMIN 1 3 L1 [} | ]
1% 3 14 121 116 1 i iz e
Te4 i 13 148 1 1 1 1 i
kg ) 1 b4 4 F | |
T69.D8 1 1 L1 i |
TiN, D8 is b1 ] 138 ] » P31
10% 12954 1 s 1% h ]
19% 138 - T is T 4
Yotale 81 %1 ({51 ] 16 900 112,108 " 1% [ ] "
P T e P S e o EXTEREEVEE RN
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EVALUATION OF BALLISTIC LIMITS

Probit Analysis for Substantial Tests

Choice of Formula for Fitting Penetration Data

The ordinary method of evaluating a ballistic limit is to fire enough rounds to get a
certain number of partial and complete penetrations within some predetermined velocity
interval, and then to average the velocities of those rounds. This method depends on
the notion that there is a fairly definite velocity below which the shot will not penetrate
the plate completely, and above which it will., However, it is well known that there is
really a zone of velocities in which mixed results can be expected. To put it differently,
the probability of getting a complete penetration is indeed a function of the striking
velocity, but it may be quite different from a step function jumping from 0 to 1.

The great majority of test situations have been the subject of so little firing that
the probability of success (i.e., complete penetration) has hardly begun to be measured
at any particular level of the strikiag velocity, However, among the test situations
where many rounds have been fired, a common result is that the probability of success,
as a function of velocity, rises slowly at first, then rapidly, and then slowly approaches
unity, thus approximating a cumulative normal distribution. The slope of the central
portion of the curve vari:s among test situations, and for some cases where shattering
of the shot intervenes, the curve may drop again to some low value before it rises
finally to unity, This matter of ''shatter gaps'" is one which will be treated separately
later (and then only briefly), since the subject 18 difficult enough without it, For the
present, attention will be restricted only to cases where the probability curve follows «
cumulative normal distribution fairly well,

To rationalize this shape for the probability curve, one may assume that whenever
a shot 1s fired there is some critical velocity above which the shot will penetrate comi-
pletely, below which 1t will not, and that these critical velocities are normally distrib-
uted for repeated rounds under nominally identical firing conditions. This distribution
of critical velocities muy be attributed to minor, unseen variations in the physical
makeup of the shot and the portion of plate which it strikes. Then 121 Va, . 0 are the
mean and standard deviation of these crit'-ul velocities, the probability of success with
« shot at velocity v ise

t
- | o2 aal where t v -
- ¢ uA, where v =V
W“ L3 L ~
This 1s the cumulative normal distribution. The quantity ¥V is also the veludity at which
hait ot the rounds would ackieve complete penetration, and 1 thus ersentially just 4 re -
finement of the ordinary concept of the ballistis lumit
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It has often been observed, too, that the ballistic limit varies with the hardness
of the plate, and the NPL formula quoted earlier gives an empirical law for that varia-
tion., However, that law was derived for small shot and thin plate, and it can hardly be
extrapolated to all cases of interes’ here since the denominators of two of its terms
{65-t and B,-B) can vanish in the p:esent range of interest, Nevertheless, in order to
get an idea of the influence of plate hardness on the ballistic limit, that limit was plotted
as a function of hardness, asing the NPL formula and several combinations of the other
parameters, Most of the curves can hardly be distinguished from parabolas opening
downward, This suggests that a parabolic relation between vV and the hardness his a
reasonable form to use in striving for an empirical correlation of the armor penetration
data. This type of relation was tested further by comparing it with actual penetration
data, and it appeared to serve L8 well as any other ucceptably simple relation. There-
fore, it is here assumed further that:

V=kah+bhe,

where k, a, and b are constant,

Maximum Likelihood Solution for the Ballistic Limat

Suppose now that a group of tests have been performed at velocities v, with
associated plate hardnesses h; (i = 1, 2, ..., n), and that each has been rated as yicld-
ing a complete or partial penetration., It is required to estimate the parameters k, «,
b, and 0 which best account for this set of results. The method which will be applied 1s
a form of probit analysis.* First observe that if our assumptions regarding critical
velocities and ballistic limits are valid, then the probability of success with the ith
round is p; = p(ti), where t; = (vi‘k-ahfbhil)/c. The probability of achieving all the
observed results is:

n S PP
P = ﬂlpl qu ’.ql=l-pl.
=
where 5 = | for a success and 0 for a failure, The likelihood function L 1s defined as
the logarithm of P, that is

n
L =1 { "y Inpy # (1-5)) Inq].
=1

-t

The plan for finding k, a, b, and * 18 to cheose them o ax to muasimaze 1. fron amaong
1l the values it can have when the velocities v, hardnesses h;, «ud rating numbers ‘.
are the ones observed in the actual experiments.

* 1, vy DL Ly £n*ht Analp_n:. aprecially Appeadin 1L ¢ ambrdac Univervity ress, Lodw ¢ | P R L
T othe owar te; Bl Withe s AALATLAE . hatdnest, £ ven By A, Grd N and F L GrabMe, e dotr ateng Beiev o}
M T Prec o o Bl st Recearch Lot tan aes Teomea a0 Note N, 10 (Rhiatch 10wy,
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The solution (k*, a,b, G*) is wanted which makes

However, since these equations involve several transcendentai functions of the un-
knowns, it is not possible to solve them directly. Therefore, it is expedient to begin
with an estimated solution (k}, a), b), 0]) and to seek corrections for it. Expanding
the derivatives of L as power series around the estimated solution, there follows:

3L _f3L aL d2L 2L o"-L)
gi- —(gi- + (k-kl)(srz-)l + (a-al)(m—a)l + (b-bl)(m)l + {(0- 0’1)( kCJUl »

and similar equations for the other derivatives, If the estimated solution is not too far
from the required solution, then the series truncated at this length are valid there, so

that:
« (%L . 3L\ * (BZL) * (BZL) ) (31.)
(k “x’(—rak )l* fa '“1-’(37} HETENEE), T N sSs), T Sk,

and there are three other similar equations. These equations are linear in the correc-
tions k*-kl, a*-al, b‘-bl, and 0*-01. Solving for these, and adding them to the first
estimates yields improved estimates of the desired solution. The correction process
can be repeated until the correctmns become negligible, and the last estimates are then
the desired solution (k*, a* . b*, J*)

In order to find the corrections k*-kl, and so forth, one needs the second deriva-
tives of L, To get these, note first that if §] and -, are any two of the parameters k, a,
b, or 0, then:

221, [ 2% fepy p. 4 5 (1-2p,

< _ 4Py -17Pi Py 9P Pt 'l( -2pj)

391331 '._’41 »‘5‘1’2:3 Pl(l’P\) ;‘51 (.‘9& | Piz “’pi)z
1.

A convenient notation is:

2; = gme /2, b x (v -k -an, -Bh])/0
Then,
8"p1 34y, It oty
Jf‘l;‘t‘z ) zi ‘.‘:;lf‘f‘&-“zl .*-*:-l ‘l '
and
oL o[ ‘e & e, t ' ot Pec -2
1 . 1 4 1 4 P P}
— \ 7, - t,Z; : .zf .- : . . tal
e TR N ey Wyt pve o R ep?
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- Z,/p, for a success
Now let u; = , and

+ Z;/q; for a failure

wi=uiti-ui

Then, recalling that §; = 1 for success, C for failure, it follows:
n
at; ot

J2L ( azti Bti Bti) 2
59139232 " “%i\36,36, ~'i 36, 36,/ Vi 3¢, 36,
i=1

h thi ati Bti
Dl seme s |-

i=1

Thus the second derivatives of L. with respect to the various parameters are:

Lkb = O-zzwi hiz ,
Lis= 0'25‘( t
ko ~ Wit =g,
-
- 2
Laa=0 2 wi hi ,

, »
Letting 0k = k -kj, da = a*-al, 5b = b*-bl, and 07 = a‘*-dl . the system of equations that
must be solved for the corrections is:

(ka)l Sk ¢+ (Lki)l ba ¢+ ‘Lkb)l 5b ¢ (ch)l S0 - - cy“i)]

(Lhady 56 # (Lyg)y ba + (Lap)y &b+ (L o)y 50 = = (3)u, b, 1
2

- a}‘u, l\‘ 1

sATTELLE MEMORIAL INSTiIYVv TR

CONFIDENTIAL

H

”‘kb)l k4 “‘ab,l 3a # (Lbb,l b+ (Lb\')i boTe]

.



CONFIDENTIAL

17

Solving these equations by hand calculations would be possible but laborious, so a
program was prepared to do the work with an IBM Type 650 Magnetic Drum Data Proc-
essing Machine. The plan of the program required first that an initial estimate should
be made for each of the parameters. Then, as the card for each round was fed to the
calculator, it would compute the contribution that round made to each of the sums ap-
pearing in the coefficients of the system of equations, * The only difficulty in this proc-
ess was in finding the quantities, Z;/p;. For these, a table was stored in the machine
which enabled the machine to find Z;/p; correctly to one whole number and five decimal
places. The whole operation proved to be efficient since the ~alculations performed
for each card took about as long as the minimum time to feed a card to the machine.
After the entire group of cards had been used, then an end program proceeded to solve
for the corrections 5k, etc,

In practice, solving for the parameters k, a, b, 0 proved to be a delicate art,
Unless the first estimated solution was quite good, the iteration procedure might never
converge., Therefore, all the penetration tests analyzed by this technique were first
graphed, using an automratic plotter, and initial estimates of the parameters were made
from the graphs. Even with this good beginning, some cases failed to converge, pre-
sumably because either the normal distribution of critical velocities or the parabolic
variation with hardness was not a good assumption. For nonconvergent cases, the only
recourse was to divide the data into smaller groups, chosen as logically as possible,
and to analyze the subgroups separately. Another rare cause for failure appeared when
a parabola could be fitted to the data so as to separate entirely the complete and partial
penetrations. This, of course, makes 0 indeterminate; so for these cases a parabola
was fitted using the fairly arbitrary value of 10 ft/sec for 0.

One further refinement that was added stems from the fact that the parameters k
and a are relatively meaningless. For the sake of clarity of meaning in the parameters,
it is more desirable to express V as:

2
¥ = vy ¢ b(h -h,)

This is the same as the former expression provided:

2
) S - LA
0"y Volk-T

Since the values of k, a, b, and * which maximize L correspond by thesc relations ta the
values of vo, hg; by, and 3 which maximize L., the latter values are easily found tron: the
former, The reason for using the parameters k, a, b, * was merely that they visided
simpler expressiuns for the second derivatives uf 1.  However, when the parametrre
are expressed as vy, hg, b, and *, they become respectively the maximum {or munin in
ballistic Iimit, the optimum {or pessimumjhardness, a meanure of sentitivity Lo changes
ini pla‘e hardness, and the standard geviatior of critic sl velocitien

o — e s+ o

® Beonsme f 2 nigehaa: eu Tt et Ty R s et n P pee cofwem, e bt l..‘. l.‘ A g Mere 7 e
o o o]y caic 2T wn, 2% 'w ow N A Lo Wat ved ait 8t . gff . e . Howmrer, ® et Uew terrs wer
chuded e rectly o ¢ Tt Jatet ki 2k B i, Tty did vt oper v, AMEct e - iwt o w TS TR . Miege we Y
M AT e aecnahle, sinve The sume {These et A e Pt na. t e hirst detivatves Thy e Ow g e 0 1 e - -
eter: Take the maumun kel o sabwes, Iy 1he e, 1hete terint ware cmutted o m the « A jaty v, A apcadar roager o
fermg oo ars 0 the famuias s tub o0 U,
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Precision of the Ballistic Limit

One of the great difficulties besetting the evaluation of ballistic limits has been
uncertainty regarding the dependability of the limits as they have been computed in the
past, Therefore, when probabilistic evaluations of the limits are being made, as they
are here, some estimate of their precision is highly desirable. To get this estimate of
precision, we can use a proposition from mathematical statistics, which states that the
variances and covariances of the maximum likelihood estimators for the parameters of
a population are the elements of the inverse to the Hessian matrix:

[ =( 2 )
56,36;
where E( ) denotes an expected value, and 6 and 6 represent any two of the param-

eters being estimated, Restrictions on this proposition are that the number of tests n
is sufficiently large, and that to a good approximation*:

-E(__s‘L )= E (11;) (_x;)
deiaaj aai dej

Regarding sample size, Golub and Grubbs gave an illustration withn = 5, so the present
aim to keep n more than or almost 25 is probably fairly conservative., The anproximate
equality between expected values was deemed plausible by Golub and Grubbs, and seems
to be so here too.

’

Regardless of which set of parameters is used, the equation (a) for 9?§9£ is still

valid. In particular, we now regard it s applying to the case where 9, and 8, are any
of the parameters vy, hg, b, or 0. Since only expected values of the second derivatives
are required now, and since E(5;) = p;, it follows from equation (a) that

n

E( :321.1 ) Ziz ati Bti
EEI "L P;q; 36 28,

i=1

The required first derivatives are:

M1 2blhy-hg) M -(hichg)® 3y g

—— T -

dvg I -hy o sb o ag g

- -

» y —— = g = e -,

Using these expressions for the derivatives, and the notation:

® This staiement of this proposition patalieis that -f Gojub wnd Geubbe, op, <it,, p, 9 Fot a more epsnded, bt Jere due o
uatement, see Kendall, M, G,y The Advinced Theory of statistics, Volume If, Sectroms 17, 46 and 17, 26, Gulfw sad « o,,
Ltd, , London (1)48),
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it follows that the required Hessian matrix is:

1\ 2b\" 1\’ 2 1
gzZUi " 52/ Vilhi-ho) EZZUi(hi‘ho) G“ZZUiti

b\~ 4p? 26 3 2b " '
-%ZZUi(hi-ho) GZ'EUi(hi-ho)Z Szzui(hi-ho) =3) Uilhi-ho)t;

1 2b\’ 3 A 4 1 2,
OTEUi(hi-ho)z - EZZUi(hi-hO) RZUi(hi-ho) aEUl(hl-ho) tl

i
E'Z'Zuiti

2b\" 1 2 1}’ 2

The elements of the inverse to this matrix are the variances and covariances of the
maximum likelihood estimators of the parameters vy, hg, b, and 0 in that order.

The estimate of the ballistic limit V is, of course,

v

Vo + b(h-hg)® .

Since V 18 a function of parameters that have been estimated to within known variances
and covariances, it follows™ that the variance of this estimator for V can be found from:

2 o2 2
ol =(———ﬁ.sv ) 55 +(-——«‘V ) oﬁ +(é§) ozb
v \Ivo o \°h, o \2

ov. OV 2 IV OV 2 oV OV 2
$ 22 +2 —o0 +2=g¢
dvy Py Vorho 3hg b ho,b 3p dve PoVo

(o]
- o3+ 4bl(h-n )2 of ) + (hen )t o

2 3 2 2
- 4b(h-hg) Oug by -4blh-ho)® oy ¢ 2(h-ho)? of v,
This expression makes it possible to state a variance for the estimate of the ballistic

limit V as a function of hardness, at least over the range of plate hardnesses that appear
an the case being analyzed,

As a conclusion to the computing for tests having variable plate hardness, a sup-
plementary program was prepared to {ind the parameters vy, hg, b, 0 and their vari-
ances and covariances, The results for all the cases analvzed 1n this way are shown in
‘Table 2. Values of Cy for three levels of hardness covering the range of the test data
are incorporated later 1n Table 3 If values uf S35 ure desired t other hardness levels,

® cf,. Hald, A, Statsti al The 13 With Engincening Applications, p, 11%, Joha Wiley snd Soms, New York (147,
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the y can be derived from the variances and covariances shown in Table 2. Three other
cowariances (‘JVO,O’ %h,,7> Op,0) were computed, of course, but did not seem necessary

for inclusion in the table, since they would be used only for predicting standard errors
of ballistic limits at levels other than 50 pe r cent probability.

In most cases, the values of hg shown in Table 2 confirm the idea that the optimum
haxdness of armor plate is in the vicinity of BHN 300, but there are many exceptions. A
cormmon reason for these exceptions is that as the plate hardness increases the projec-
tile tends to shatter more readily, and this raises the ballistic limit. This increase ot
ballistic limits at the high hardness end of the data is not simply statistical chance, for
the values of dl?; show that b is generally significantly different from zero, whether b is
negZative or positive,

The values 0 show that the scattering of critical velocities in most of the test
situations was substantial. Better than half of them were above 60 ft/sec. Thus the
chances for a seemingly erratic result with any small number of tests is reasonably

§r eat,

It may be observed too that there wer e five instances in which the parabola fitted
the data with so little overlapping that the probit analysis did not lead to an evaluation of
7 or of the variances of the estimates of the parameters. One of the cases (with the
IV AP 90 mm T44) was somewhat degenerate in that the data had only three hardnesses,
but the other cases involved four to six hardnesses. For the latter cases, the parabola
off ered a surprisingly convenient fit.

Probit Analysis Without Variation of Hardness

There are many penetration tests that have been performed having so little
va riation of plate hardness that the preceding analysis is not justified. In this case, a
probit analysis without variation of the hardness may still be applied, provided a reason-
ible number of tests weire performed and the results include overlapping velocities of
pa xrtial and complete penetrations.

An analysis for this case can be had f rom the broader analysis described earlier,
provided it is assumed thata =b = 0, so thatV = k, This meane that the maxinum

lik elihood solution now requires finding only two parameters, Vand ¢. If initial esti-
mates V] and 0, are available, then the equations for the corrections -V and 57 are:

B W
(an) " N ¢ (de) | oot *(:lrltl)l

where
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1 3‘ 2
Log = 57/ (wity - 2uj t;)) ,
while w; and u; are the same funtions of t; as before, but with t; = (v; - V)/o. The

variances and covariances in the solutions for v and 0 after the iteration process is
completed are the elements of the inverse of the matrix

1T IT
U; Uj;t,
22U

R AN, , 2
nguiti U,_}JUA

where Uj is as before except for the change in t;. All these results are equivalent to
formulas given by Golub and Grubbs, except for the small differences already noted in
Lyg and L4,.

Very little additional programming was needed to adapt these formulas to machine
calculation, because the only requirement was to drop some of the terms that appeared
formerly.

This method of analysis was applied to many cases where the accumulated data
included as many as 12 rounds, but with little varia‘.on in the Brinell hardness number,
that is, less than about 50. However, in order to avoid getting unreasonable variances,
it was necesrary to exclude several cases that were complicated by shatter gaps, or
systematic discrepancies from other sources, some unknown.

Results of the calculations ignoring variation of hardness are not tabulated here as

a group, because the most significant results, v and ¢y, are included later in the com-
prchensive Table 3,

Brief Analysis Used for Cases With Few Data

The mthods of probit analysis require 4 sample reasonably good in both size and
won 1 order to produce uscful resultx. If the sample 18 tov small the iogic be=
" .4 ine probit analysis 18 weak, If there 1s no overlapping of partial and complete pene -
trations, *hen the solution becomes indeterminate. There were many cases of these
cowe ot the data assembled for this project, plus other cases having very irregular
data patterns, For these ases some analysis, or at least some method of desc ription,
was nreded. Inorder not to avertax the data, simple instead of sophisticated analvaes
~ en . dearable,
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For cases where there were less than about 12 rounds, or where there was no
overlap, it was decided to use the old averaging technique to define a '"ballistic limit".
This was based, preferably, on six rounds: the three lowest CP's and the three highest
PP's. If these lay within an interval of 150 ft/sec, and were the only test velocities in
that interval, then their average velocity constituted a good ballistic limit by the
ordinary standards, and it was accepted as the ballistic limit for the present study.

If this six-round average could not be had, then an average of four rounds within an
interval of 100 ft/sec was accepted, or even two rounds within an interval of 50 ft/sec.
Accepting these as ballistic limits in the present study does not mean that they have any
good or even known degree of accuracy. It means only that these were about as good
limits as could be obtained, considering the state of the data. So long as the origin of
each limit is stated, the varying definitions of the limits should not cause trouble. Of
course, an extra bit of useful information about these simple ballistic limits 1s the
spread of test velocities included, so it was decided that that too should be mentioned
for each case.

A moderate number of test conditions have yielded test results that do not follow
the ideal scattering of partial and complete penetrations. Sometimes there is an
identifiable cause for this, such as shattering. In such a case, a split analysis is
sometimes useful, say one for intact or broken shot, and another for shattered shot.

It was decided to use a split analysis if that enabled one to give an instructive descrip-
tion of the test results.

In some cases, the partial and complete penetrations were mixed over a wide
range of velocities, sometimes over practically the whole of a wide range that was
tested. In order to describe this situation, it was decided that a simple statement
would be made describing the mixed zone. Such a statement does not pretend to de-
fine a ballistic limit, but it does picture the state of the test results.

For cases where the highest PP was considerably below the lowest CP, 1t wus
decided merely to state those two velocities. Finally, if there were no CP's, thena
highest partial penetration (HPP) could be listed; or if there were no PP's, then the
lowest complete penetration (LCP) could be used.

It may be repreated that simple analyses of these sorts do not always give good
evaluations of ballistic limits, Oftentimes they may be poor indeed. Good examples of
this can be found in long sequences of PP's at successively higher velocities, foliowed
at last by a lone CP, Such a sequence of tests may allow the computation of a simple
two-round ballistic lirmat, but 1t has littie meaning beyond that of identifying a velocty
which lies in or near the mixed zone,

Compilation of Ballistic Limits

A comprehensive collection of the results of the analyses performed for the pres-
ent project 18 given 1n Table i, at the end of the text of this report. Since the table pre-
senta a wide variety of results, the user shouid try to heep in mind what tne foundations
of the table are.
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First it may be said that the objective that was followed in preparing this table
was tu describe the results of the penetration tests as instructively and concisely as
possible. The results were to be in the form of ballistic limits, but even the definition
of ballistic limit needed to vary from case to case, depending on the quantity and quality
of the data, Methods were r.eeded both for selecting the type of limit and for describing
the results of the analysis.

The approximate order of preference for the methods of finding the ballistic
limit was:

(1) Probit analys.is with variation of hardness
(2) Probit analysis without variation of hardness

(3) Averaging if 6, 4, or 2 rounds, half being CP and half PP within a
suitably small interval

(4) Locating the zone of mixed CP's and PP's in the data

(5) Locating the highest partial penetration (HPP) or lowest complete
penetration (LCP) if the results were all of one kind,

For each test condition, the analysis was begun by trying the highest seemingly feasible
method on this list, If that method failed (say, by lack of convergence of the probit cal-
culation, or by unacceptable scattering of PP's and CP's for simple averaging), then a
lower method was applied. At times it was expedient to split a large group of data into
smaller subgroups in order to make them manageable. The splitting was done as
plausibly as possible, on the basis of shattering, plate hardness, shot hardness, or even
distinction between references. Separation according to references (applied twice, both
times to data for the APC 37 mm M51) implies that there were real, but unidentified
systematic differences hetween separate series of tests,

Except when parabolas were fitted with negligible overlapping of partial and com-
plete penetrations, all the proubit unalyses were completed to the point of finding the
standard error in the estimate of the ballistic limit, The probit analyses may be
1dentified in Table 4 by the fact that the standard error (SE) is stated. If three ballistic
limits, together with their standard errors, are shown by braces as hav'ng been de-
rived from the same sct of rounds (that 1s, only one entry for the "number of rounds"),
then the analysis was one allowing for parabolic variation of hardness. The levels uf
plate hardness cited for these parabolic cases are roughly the extreme and middle hard-
nesses appearing 1n the reference data,

L.imits obtained by averaging are identified by statements such as 6R{124), which
would 1mply that the average was based on six rounds spread over a velocity interval
of 124 ft/sec. The remaining types of analyses arc identified by self-explanatory
statements such as "Mix 1041 to J463", or 2669 HPP",

The probit analyses were perfc ned by the electronic calculator which, among
other thirgs, adyusted the velcaity of rach round to an equivalent velocity against a plate
of standard or "nominal"” thickness a:: ording to the formula:
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nominal thickness )

j city = serv loci
adjusted velocity = observed ve ocxty( rctual thickness

This formula is probably fairly accurate for the small corrections thit were needcd.
Since these corrections were performed round by round, no further corrections for
irregularities of plate thickness are needed in the results of the probit analyses. How-
ever, the simpler limits obtained by averaging or location of extreme velocities were
evaluated by hand, and the round-by-round thickness correction for them became too
burdensome. Therefore, for these simpler analyses, a note is added showing the
average plate thickness of the rounds involved in the calculation, if that average was
known to differ from the nominal plate thickness. These notes are written briefly in the
form like "t 3,03"; which would 1r ply thut the average plate thickness was 3,03 in,

Since projectile breakup often iniluence : the probability of complete penetration,
an effort was maude to duscribe briefly the typical breakup in each case. This is con-
tained 1n the notes by statements such as:

SI ~ shot generally intact,
SB ~ shot rally broken but nut shattered,
SS ~ shot generally shattered,
or by combinations such as:
SI&B ~ some shot 1ntact, some broken
SIkS ~ breakage ranging from intact to shattered.

Many of the rounds edited and keypunched were omitted finally from the analysis,
almost always because they were fired in acceptance tests at velocities intended to be
significantly above the ballist:c limit. However, the existence of the rounds is noted in
Table 3 by entries under the cases where they would have appeared had they been used
Thus, for the AP 3Tmm M74 against rolled armor, there appe«r two entries, ""84ARO"
and "842ARO0", which mean 84 and 842 acceptunce rounds omitted, Such cntries are
sprinklied throughout the table,

When special modificativns or lots of shot were used, notes are added in Tuble 3
identifying these shots, provided such identification was though* to be useful. A spoctal
abbreviation was used when the shot hardness was variable, An example of this .
"RC61", which mcauns that the hardness was 61 on the Rockwell C scale  The hardness
listed is that of the nose, or of the bourrelet if the shot were truncated

Referenc-s to the firing records i each test situation were not indluded in
IFable 3, since such an inclusion thrcatened to obscure the results However, a Liaf of
reference reports used for this collec ion of penetration tests e included in the Appendix
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OBSERVATIONS CONCERNING THIS STUDY

Success of the Methods of Analysis

When this prc¢ ct was begun, it could not be anticipated what all might result from
putting data from so many sources into one great lump. In order to forestall trouble,
as much information as possible was carried regarding each individual test. In conse-
quence, the results are at least moderately consistent and precise. Because these re-
sults come from so many test programs, they are also as unbiased as seems possible
at present.

In the process of performing the analyses, very many sets of data were studied by
persons who wanted to understand those data as much as possible. When the scattering
of the data was bad, reasons for this were sought. Only rarely were there cases where
different firing records gave noticeably different results without a plausible reason. In
only two cases was it thought profitable to split the data according only to the reference,
both times involving AD 1084, which seemed to refer to either some very good plate or
some very poor shot. The fact that separation accoiding to reference was invoked so
seldom seems to imply, on the whole, that combining raw data from many sources was
a reasonably successful venture,

Use of the parabolic form for the influence of plate hardness was also reasonably
successful. There were rzlatively few cases where the assumption of this form seemed
to deny convargence to the process of probit analysis. When the parabolic form proved
too inflexible, it was most often because a sharp increase in projectile shattering oc-
curred as the plate hardness increased. Another occasional difficulty arose when the
plate hardnesses went above BHN 350, for then the ballistic limit curve sometimes
seemed to descend more rapidly than the parabola.

The assumption of the cumulative normal distribution for probability of complete
penetration as a function of striking velocity was moderately successful, but it was often
troubled by the occurrence of projectile shattering. A bau example occurred in the duta
for the APC 57 mm MB0b fired against 3-inch R H. plate at obliquity of 35 degrees, In
this case 105 rounds were recorded for Brinell hardnesscs 295 to 335, having velucitivs
butween 2450 and 2800 ft/sec. At no velocity did the probability of a CP seem tu rise
above 40 per cent, and it scemed to fall to zeco at both ends. The shot breakage in this
case ranged from intact to shattered, but no record of the breaage was available for
many of the rounds that were fired,

As a foundation for statistical analysis of the penetrat-on tests, the assumpt.on of
the umulative normal distribution seems as good as any reasonably simple assumption
that can be made, but a highly detailed analysis of multitudinous data (more than ex-st
now) would probably use a more fiexible form for this probability function

The standard vrrors in the ballistic Linuts vary widely, but are typically from 15
to 50 ft/sec. A few are much larger, ann yet more would have been larger if the analy-
ses had not been sphit in the varios way s already mentioned. Th:s Precision may prove:
di sappuinting tu sume people, but it appears to be what present data imply. The
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implications regarding the ballistic limits obtained by averaging are that those limits toc
are subject to substantial errors. This is particularly true for the many limits that
were based on only a few rounds, and for those not selected by an over-under method.

Application of the Results

The early hope of the present project was that it would reach a simple, compre-
hensive correlation of the great mass of penetration dati. This hope has not yet been
realized because the great weight of the data has made progress slow. However, the
objective is still there, and substantial progress seems to have been made toward
achieving it. It is now possible to scan in 32 pages (Table 3), information which was
contained at the start in about 15,000 pages of firing records, and the information has
been processed according to fairly reasonable statistical procedures,.

If and when further work of correlation is done, it should now be able to rest on
firmer foundations, in that now a large collection of ballistic limits is available having
associated measures of precision. Moreover, since the influence of projectile shatter-
ing seems so important, it should help to have at least the sketchy survey of breakage
that is inclided in the table.

In view of many of the entries that can be found in Tadle 3, it is surprising that
the earlier correlation work of Kilian, based on much the same data, was as successful
as it was. Attention is called particularly to the many models of experimental shot that
were used. Here many instances can be found where special variations of nose design
or metallurgical design seemed to exert real influence on the ballistic limit, even though
these results are rarely precise in the statistical sense. It should be noticed also that
the last-resort analysis of citing simply the mixed sone was used most often for tests
of experimental shot designs. Any over-all correlation of penetration data covering
many designs of shot probably needs to be quite perceptive in its recognition of which
kinds of shot may properly be grouped together.

In their present form, the results of the present survey of armor penetration data
should be useful in that they provide a ready reference to a large body of information.
Nevertheless, it is to be hoped that the further work of correlation and condensation will
be continued.
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TABLE 3. SUMMARY OF BALLISTIC LIMITS

Part 1. Armor Piercing Projectiles Versus Rolled Homogeneous Armor

_Shot Nom. Plate Ballistic Limit Number Notes
Cal, Model Obl., Nom. ¢, BHN, BL(A), Signifi- of (Abbreviations
mm No. deg in. kg/ mm? ft/sec cance Rounds explained on p 27)
31 MT¢ 0 1.00 324-385 899 SE = 22 66 3
1,12 265-363 1087 SE= 13 39 S1
1,25 269-337 1209 SEw 60 1
230 1256 SEm= 14
1. 50 300 1381 SEs=6 545 Sl
370 1314 SE= 9
2.00 235-286 1685 SE=13 94 SI, 84ARO
2.25 235-293 1832 SE= 53 42 SI
2.38 255 1880 2R(31) 3 60-mm armor, t 2.31
230 2060 SE = 165
2.580 270 2091 SEw 3l 27 Sl&S
310 2346 SE= 102
3417 2591 HPP 5 SB&S, t 2. 51
3.00 255-347 2815 6R(179) 14 S1&S, t 3,03
20 1. 5¢ 266 1789 LCpP 7 5S, 842ARO
25 2.00 258 1842 2R(29) 5 SI
30 1. 50 255 1617 6R(179) 7 SI&S
40 1.50 255 1808 2R(28) 6
45 1.50 255 2212 2R(36) 6 S1&S
2.50 251 2346 2R(51) 4 t 2,51
50 2.50 263 2428 2R (44) 2 t2.51
58 2.50 251 2620 2R (48) 3 t2.51
60 1.00 3414375 2430 SE= 17 40 SB&: S
1.25 302 2720 SE=6 25 SS
2.50 263 2662 HPP 2 t2.51
37 M80 20 1. 00 -- -- -- ] 13ARO
57/40 0 3.00 241 1848 2R (80) 4 SS
Tapered Bore 4.00 229 2308 2R(21) € SB&:S
(Cf. OP5829/1) 10,00 205 4047 HPP 2
10 6.00 224 26623 HPP 1 sS
30 3.00 241 22332 2R(18) 5 SB&S
4,00 229 27338 6R(4) 8 SB&S
6.00 224 Mix 3041 to 3463 12 L1
45 3.00 241 3114 2R(36) 5 SB&S
4,00 229 3313 6R(83) 11 SB&S, w/o PP at 3528
6,00 224 Mix 2320 to 4022 10 sS
55 3.00 241 4049 HPP 3 $s
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TABLE 3. SUMMARY OF BALLISTIC UMITS

Part 1. Armor Prercing Projectiies Versus Rolled Homogeneow Armor

shot _ Nom. Plate Ballistic Limit Number Notes
Cal, Model Oobl., Nom. t, BHN, BL(A), Sigmfi- of (Abbteviations
o No. deg in. kg/ mm?2 ft/sec cance Rounds explained on p 27)
51 M170 0 1. 50 271-330 999 SE=14 48 S1
2.00 235-286 1248 SE=9 35 Sl
2. 25 235-293 1403 SE= 1l 317 S1
220 1454 SE= 36
2. 50 280 1549 SE= 12 08 SI, TARO
340 1470 SE= 30
20 1664 SEs= 27
3.00 310 1317 SE= 12 210 Sl
400 1524 SE= 29
00 1964 SE = 48
4.00 280 2384 SE=18 41 Sl
350 2154 SE= 27
388 2866 6R(124) 11 SS, 14,02
5.00 217-259 2867 6R(113) 10 SI, t 5,09, PP at 2418
20 3.00 226 2204 2R(52) 2 5B, 3921ARO
4,00 262 2992 HPP 6 SS, 14,02
357-388 2011 2R(24) 15 SS, 14,01, locne PP
25 4.00 388 2911 HPP 6 SS, 14,02
280 2813 SE=24
30 3.00 340 2580 SE=17 160 SS
400 2429 SE=23
4.00 388 2425 HPP 6 38
230 3015 SE=171
35 3.00 340 2690 SE= 51 R 88
400 2514 SE= 35
40 2.00 291-300 1167 SE=4l 21 5B
220 2116 SEw 177
2.50 230 2624 SE= 123 87 S1&S
360 Al3 SE = 106
320 2187 SE= 41
3.00 360 2673 SE= 14 18 3%
400 2618 SE= 23
45 3.0u 262 1734 2R(31) 5 t3.12
50 1,50 330 2094 SE =27 13 SI&S
28) 2358 4R(40) 10 sB
2.00 320 M2 SE= 22 25 §s
360 012 SEe 23 44 s
20 2671 SEe
2.50 2% 2186 SEm 43 63 L1
360 2103 Sk = 27
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TABLE 3. SUMMARY OF BALLISTIC UMITS

Patt 1. Armoe Piercing Projectiies Versus Rolied Homogeneous Armor

shot Nom. Plate Ballistic Limit Number Notes
Cil,  Model obl.,  Nom. t, BHN, BL(A), Signh- of (Abbreviations
mn No. deg in. kg/mm? ft/sec cance Rounds explained on p 27 )
51 M70 55 2,00 200-291 2494 SE e 38 14 sB
2.50 321-353 2941 SE = 60 20 ss
60 1,25 213-352 2315 SE = 67 3s SI&B
1.50 331 U12 6R(92) 10 t1.49, SBLS
2.00 289-302 2185 SE= 17 21 sB
2,59 a2 2939 HPP 6 ss
10 1,25 213-341 2907 SE= 41 35 SI&B
15 M172 0 1.50 255 137 2R(28) 1 st
2,00 235~286 924 SE = 13 54 s
2,25 223-293 1048 SE= a1 s1
230 1120 SE = 26
2,50 290 1149 SEw 14 55 s
350 962 SE = 38
2.15 252 1241 R(24) 3 12,73, 6ARO
[ 220 1311 SEw 15
3.00 310 1367 SE® 14 19 sl
(400 1263 SE = 30
3.50 262-289 1536 AR(84) 6 t3.49
200 1570 SE = 33
4.00 280 17111 SE » 10 A SI&S, 11ARO
320 1655 SE = 25
5.00 217-2117 1995 6R(147) 1 s1
20 3.00 U6-262 1634 LcP 1 SIB, 2T44ARO
4.00 300 2582 W(43) 3 S8, 13.96
25 2.00 255-258 912 2R(35) 10 st
30 1.50 255 190 2 (52) 3 SB&S
3.00 298 2086 R(41) ¢ SBAS
4.00 - 2595 Rr(42) 1 ss
as 1,50 285 1088 Lcr 3 st
40 1.5 288 1013 2(36) 2
4 1.50 258 1210 W(38) 4 st
2.25 258 2092 Lcr 3
2,50 269 2118 HPP 2 $5, t2.51
3,00 300 2385 2R(52) s $$, t3.ul
% 2.00 262 2001 ®m( 2 s
85 2,00 %2 199 1y 1
«© 1.% 265-285 1847 (121 1 S8
2,00 $2-30 395 SEued 17 $s
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Part 1, Armo. Piercing Projectiles Versus Rolled Homogeneous Armot

__Shot Nom. Plate Ballistic Limit Number Notes
Cal, Model Oobl. , Nom. t, BHN, BL(A), Signifi- of (Abbreviations
mn No. deg in. kg/mm?2 ft/sec cance Rounds explained on p 27 )
15 T43 20 5.00 225 21417 4R(56) ¢ SB&S, t 5,02
55 3.38 253 2920 4R(8S) 1 §s
% T148 0 2.00 277-285 Mix 842 to 1191 19 1148, 4 lots, SB
(11 exp. lou(®) 285 Mix 1047 to 1648 12 M72 mod, 3 lots, SB
30 3.00 262-298 Mix 1859 to 2215 12 T148, 3 lou, SI&B
45 2.00 203 1406 2R(21) 6 T148, 1 lot, SI
293 1518 2R (84) 4 M72 mod, 1 lot, SI&B
2.50 269 Mix 1620 to 1800 6 T148, 1 lot, SI&B
55 2.50 269 2136 2R(3) 2 T148, 2 lots, SI&B
3.00 262 2198 HPP 2 T148, 1 lot, S
60 1.50 265-285 Mix 1194 to 1414 15 T148, 3 lots, SI
2.00 277-400 Mix 1437 to 1965 42 T148, 8 lots, SI&B
262-293 1700HPP, 2105LCP 1 M72 mod, 2 lots, SI&B
2.50 269 2210 2R(28) 1 T148, 3 lots, SI&B
15 T149(b) 20 4.00 300-308 2641 6R(132) 16 Rc61, t 3.97, SB&S
300 2619 6R(102) 10 RCSS, t3.96, SB&S
308 2590 4R(144) 6 RCE1, w/up
45 3.00 300 2403 2R (34) 3 Rc8l. 13.01, SB
300 2389 6R(58) 9 RCSS. £3.01, s8
55 3.00 302 2632 4R(38) 9 RC61
302 2306 Lce 4 Rc61, w/tp
302 2421 HPP 3 Rc61. w/o tip
60 2.00 300-321 2582 4R(82) ) RC61
300 2366 6R(6) 10 RCS5. SS
a21 2080 2R(33) 4 RGS1, w/up
291-321 2025 4R(118) 9 RcS1. w/o tip

(a) The great majority of these tems with the T148 shot were performed undee Project TA1-1251, This project used three varieties of
M72 shot with its up cut off, and sx varieties of M72 shot which were first softened, then had their ups cut off, and were rehard-
ened. These six varieties, differing in windshueld and heat-treatment, wete designated T148, Since the refetence report says no
variety showed clear superiovity, all are lumped together hete. Included also are two lots wed in Project TA1-1301, For more
details, see Report 2 on Project TA1-1251,

(b) The tests with the T149 were part of Project TA1-1254. Shot were used with Rockwell T hatdnews either 61 or 55. 1In addition,
those hete marked w/'1p were uuncated, then had the tips reattached, Those marked w/o tip were trunicated, but the Lips wete
not replaced.
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TABLE 3. SUMMARY OF BALLISTIC UMITS

Part 1. Armor Piercing Projectiles Versus Rolled Homogeneous Armor

Nom. Plate Ballistic Limit Numbes Notes
Obl., Nom. t, BHN, BL(A), Signifi- of (Abbreviations
deg in. kg/mm?2 ft/sec cance Rounds explained on p 27)
0 2.25 223 391 2R(36) 3 SI, t 2,24
2.50 229-341 1089 SE= 15 17 S1
3.00 251-363 1336 SE=11 25 S1
200 1578 SE = 64
4.00 260 1640 SE=T0 18 St
320 1762 SE= 48
5.00 212-263 Mix 1932 10 2234 J SI
31l 2577 HPP 5 sS
10 3.00 363 1424 HPP 1 SS, t3.03
20 2,25 223 1020 2R(27) 5 SI, 12.24
3.00 302 1782 2R (41) 1 sl, t3.05 93TARO
363 1301 4R(100) 8 $S, 13,03
30 2.25 223 1196 2R(20) S SI, t2.24
230 1315 SEs= 51
2.50 310 1694 SE= 40 32 SI&S
390 175 SE=63
3.00 302 2065 2R(A4) 6 8§, t3.05
363 1327 4R (33) 1 $5, t3.03
4.00 207-302 032 SE= 34 14 SB& S
40 2.25 222-233 1852 SE= 37 16 SB&S
3.00 331 2246 4R(74) 7 $S. 13.05
K¥E) 2012 R(U) 1 S, 1 3.05
230 2004 SE small SB&S. Parabola firted
45 2.50 310 2057 SE small 21 w/o overlapping by
390 1963 SE small PP's ot CP's,
3.00 334 2356 4R(92) 6 §S, 13,05
50 2,25 263-293 2032 4R(56) 3 S, 12,28
3 00 313 269 4R(3%) ) $S, 13,08
55 3.00 260 2876 2R(36) 3 SB&S
60 2,00 306 2118 R(32) 6 $S
230 %26 SE=12
2.05 290 2520 SE= 10 26 $S
340 M40 SE= 18
3.00 238 2838 p It )] 3 8
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TABLE 3. SUMMARY OF BALLISTIC LIMITS

Part 1. Armor Piercing Projectiles Versus Rolled Homogeneous Armor

Shot Nom. Plate Ballistic Limit Number Notes
Cal, Model Ohl., Nom. t, BHN, BL(A), Signifi- of (Abbreviations
mm No. deg in. kg/ mm? ft/sec cance Rounds explained on p 27)
76 T128E6 0 3.00 298 1517 6R(43) 15 SI
(M339) 238 1987 6R(133) 9 SB&S
4.00 260 2044 SE= 34 16 S1&B
5.00 260 2221 2R(8) 8 S1, t5.13
20 4.00 260 Mix 2088 to 2560 13 SB&S
5.00 260 2445 2R(39) 5 SB&S, t5.12
30 2.00 230 1358 SE = 43 10 S1
2.50 21 1646 SE= 101 13 SB&S
3.00 28 2513 6R(113) 16 SB&S, 1 2.99
4.00 25v 2832 4R (I95) 7 S8, t 4.07
5.00 250 3179 HPP 4
45 2.00 230 1434 6R(151) 8 SB, t 2.04
2.50 291 2266 6R(81) 3 SB&S, t 2.52
3.00 298 27138 6R(127) 7 $B. t 2,93
4.9 260 3206 4R(€1) 8 SB, t 4,07
55 3.00 302 2506 2R (55) 5 SB
60 2.00 290-231 2481 SE= 15 15 SB&S
2.50 291 2857 6R(135) 9 S8, t2.52
3.00 298 3128 4R(87) 7 SB, t 2,33
H 2,00 230 2830 4R(64) 9 SB&S, t 2.04
2.50 201 3112 6R(159) 8 SB&S, t 2,52
75 2,00 290 3253 HPP 4 SB, 1 2,02
16 T166(3) 30 4,00 .- 23102 AR(73) 8 E2, RC66, w/o WS, §§
-- 2653 4R(1T) 9 E2, R62, W/o WS, §S
-- 2382 2R(67) 8 2, Rga'l, W/0 WS, 